In this paper, an approach for optimal tuning of fractional order proportional derivative (FOPD) and a certain class of fractional order proportional integral derivative (FO-PID) controllers for integer-order integrating time delay systems based on frequency method is developed. For this purpose, particle swarm optimization (PSO) algorithm has been used for optimal controller parameters tuning. Performance of the proposed tuning method obtained by using these PD and PID controllers with PSO algorithm with the results without using PSO is compared. The investigations revealed that the proposed algorithm is relatively simple, reliable and efficient and suitable for controlling integer-order integrating time delay systems.
INTRODUCTION
Processes with integrators and time delay often appear in chemical industry. Typical examples of such processes are liquid level systems with a pump attached to the outflow line, or distillation columns (Zhang et al., 2008) . Time-delays are described by differential 6r difference equations which belong to a class of functional differential equations (Richard, 2003) . The presence of delay in dynamical systems is often the cause of instability and poor performance. The stabilization problem of such systems by controllers is a true challenge and has received considerable attention (Khezali and Ahmad, 2006; Shamali et al., 2003; Qu and Wang, 2004) .
A lot of control systems are operated by industrial PID controllers. PID controllers usually yield closed-loop stability for a particular range of controller parameters, as one of the desirable properties for a control system is that the controller parameters yield closed-loop stability.
Another desirable property is that the effects of the controller parameters on closed-loop performance which is generally achievable by PID family (Umamaheswari et al., 2010) . As, the widespread industrial use of PID controllers, even a small improvement in PID features, achieved by using a fractional PID, could have a relevant impact (Caponetto et al., 2010) . The subject of fractional calculus deals with generalizations of differentiation and integration of arbitrary orders and dates back to correspondence between L'Hospital and Leibniz towards the end of 17th century (Bhalekar and Gejji, 2010) . In spite of 300-year history of fractional calculus, its applications in physics and engineering have begun recently (Hilfer, 2001) . Many systems are known to display fractional order dynamic, such as viscoelastic systems (Wang and Xu, 2009) , dielectric polarization (Kumar and Yadav, 2010) , and electromagnetic waves (Maab and Naqvi, 2010) . The anomalous diffusion phenomena in inhomogeneous media can be explained by non-integer derivative based equations of diffusion (Golbabai and Sayevand, 2010) . In the recent years, emergence of effective methods in differentiation and integration of non-integer order equations makes fractional-order controllers more and more attractive in the control community. Tilt-Integral Derivative (TID) (Chen, 2002) , fractional PID (Batlle et al., 2007) , CRONE (Pommier et al., 2002; Sabatier et al., 2003) controllers and Simple Fractional Controller (SFC) (Tavazoei and Haeri, 2008) are such examples in fractional order controllers (Shahiri et al., 2010) .
Fractional controllers have parameters that should be determined so that the closed loop system stability is guaranteed. There are many frequency approaches to calculate these parameters. Ziegler-Nichols type rules (Valerio and Costa, 2006) , controller design using piecewise orthogonal functions (Bouafoura and Braiek, 2010) , controller design base on definitions of gain and phase margin (Zhao et al., 2005) are examples of these methods. Another method has been introduced based on the stability boundary locus method (Hamamci and Koksal, 2010; Tan, 2005) .
One of the open issues in this era is the optimal tuning of Fractional-Order PID controllers parameters. For instance, in Biswas et al. (2009) , an improved differential evolution method for parameters optimization of Fractional-Order PID controller is presented, and in Lee and Chang (2010) Fractional-Order PID controller has been optimized via improved electromagnetism-like algorithm. The purpose of this paper is the optimal tuning of Fractional-Order PD and Fractional-Order PID controllers parameters based on the presented method of Hamamci and Koksal (2010; Tan, 2005) , where Particle Swarm Optimization (PSO) algorithm is used for optimal tuning of the controllers' parameters. The novelty of this paper is a hybrid approach proposed to address the problem of stabilization integrating time delay system by a fractional order PD and fractional order PID controller that is optimally tuned by PSO algorithm. The result of this hybrid approach is compared with simple FO-PD and FO-PID controllers. PSO, originally introduced by Kennedy and Eberhart (1995) , has become one of the most important swarm intelligence-based algorithms. It has been attracted increasing attention as a new optimization technique for solving complex optimization problems (Lazinica, 2009 ). The unique information diffusion and interaction mechanism of PSO enable it to solve many problems with good performance at low computational cost (Shi et al., 2010) . This paper is discusses FO-PD and a class of FO-PID controllers design process in frequency domain, and PSO optimization method for tuning of these controllers, the illustrative examples are provided to show performance of the proposed method and the comparison between controlled time delay system with FO-PD and FO-PID controllers with the use of PSO and without that is done.
METHOD FOR HYBRID CONTROLLER DESIGN

System description
An integer order integrating time delay system in general case is considered as follows: 
s a s a s as
For given FO-PD and FO-PID controllers the characteristic equations of the control system are obtained as follows, respectively:
Frequency domain stability method
In the first step to compute all FO-PD and FO-PID controllers which stabilize the integrating system in Equation 1, the next two definitions must be met. Definition 2.1 (Hamamci and Koksal, 2010) . The denominator of Equation 4 is described as fractional-order characteristic equation of the closed loop system (Hamamci, 2007) . In general, the fractional-order characteristic equation can be represented as:
Where pi are the coefficients and qi are the fractional orders (i=1~k). Definition 2.2 (Hamamci and Koksal, 2010) . In the parameter space P, the boundaries between the stability and instability domains are defined by the following three parts (Cheng and Hwang, 2006; Hamamci and Tan, 2006; Hamamci, 2008; Hohenbichler and Ackermann, 2003 
Hence, () Pj  can be rewritten as: 
Then, equating the real and imaginary parts of Equation 10 to zero, one obtains: In the next stage, IRB should be calculated to find proper values of  and  . However, due to existence of time delay, analytical calculation of the IRB has some theoretical difficulties. The reason is that the characteristic equation involving delay possesses an infinite number of roots, which cannot be calculated analytically in the general case (Hamamci and Koksal, 2010) . However, the asymptotic location of roots far from the origin is well known, which may lead to IRB (Hohenbichler and Ackermann, 2003 (Hamamci and Koksal, 2010) .
As mentioned, simultaneous determination of the controller parameters for systems with time delay is difficult. So, to find a way that could determine all three parameters simultaneously that lead to optimal performance of the closed-loop system will be valuable. Here, with combining this frequency method and an optimization method this objective can be achieved. In the next sub section this optimization algorithm is presented.
CONTROLLER OPTIMIZATION PROBLEM
In applying optimization method determining the objective function is of particular importance. If the system tracking error be considered as:
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Where, r and y are the reference input and system output, respectively. Then, an objective function that can minimize this error maybe described as follow:
This objective function is "Integral Absolute Error" (IAE) (Tavazoei, 2010) . Transforming IAE to the Laplace domain, the following equation is obtained: 
llustrative examples and results
In the course of this study, two examples are presented. The first example is presented using the FO-PD controller and the second one is that of employing the FO-PID controller. In both cases the effect of applying the above hybrid algorithm are investigated.
Example 1: Considering the first order integrating time delay system as (Hamamci and Koksal, 2010) :
Where, 
 
, for the system with FO-PD controller, the stability boundary locus is obtained as in Figure 1 . The closed-loop system step responses when 0.5 K d  and K P is changing from 0.5, 2.5, 5.5 to 7.668 is plotted in Figure 2 . It is observed that when
, the best step response using the PD 0.5 controller is achieved. Next, the proposed hybrid algorithm is applied for tuning the closed loop system with FO-PD controller. Step responses of first order system that controlled by simple and hybrid FO-PD.
weight be 0.1, learning factors 12 , ccequal to 0.1 and maximum iteration number be 50. Using the hybrid algorithm presented here, obtained optimal values for three parameters simultaneously is equal to 0.8527
. The step responses for every two parameter sets values are shown in Figure 3 . There are many features of step response for control system which may be considered as the comparison indices. Some of them are settling time, over shoot and steady state error. There is a correlation between the integral of error in step response and the steady state error in ramp response, e ssr (The proof of these relation is in Ogata, 1970 Step response specification for controlled system by simple and hybrid FO-PD.
Step response information Simple FO-PD (γ=0.5, Kp=2.5, Kd=0.5) For this example steady state error in ramp response is obtained as:
Where, K is the open loop system gain. In Table 1 , the comparison between the features of the step responses for the system controlled by simple FO-PD and the system controlled by FO-PD tuned by PSO (hybrid FO-PD) have been brought. From Table1, it is clearly observed that the settling time and over shoot of controlled system hybrid FO-PD is much less than the controlled system with simple FO-PD. On the other, hand the steady state error in unit ramp in the controlled system with hybrid FO-PD is less than controlled system with simple FO-PD as it is shown in Figure 4 . It means that IAE has been converged to less value, as well. Thus, the controlled system with hybrid FO-PD has more desirable and optimized performance.
Example 2. For applying presented FO-PID controller described in section 2, a more complex integrating time delay system is considered. This system is a second order integrating time delay as below: Figure 6 . According to Figure 6 , it can be seen that the best step response is achieved when
Next, the proposed hybrid algorithm is applied for tuning 0.5103, 0.9778, 0.0839
. Figure   7 shows the second order time delay system step responses using the simple and hybrid FO-PID controllers. Steady state error in ramp response for this second order control system is calculated as follow:
Step responses of second order system that controlled by simple and hybrid FO-PID. Step response specification for controlled system by FO-PID.
Step Hence, unlike the previous example for this second order time delay system steady state error in ramp response is not a good criterion for comparison hybrid algorithm with normal fractional controller. Table 2 presents the comparison between three specifications of second order time delay system step response controlled by simple and hybrid FO-PID controllers.
According to the presented values in Table 2 , it can be concluded that the overshoot of second order time delay system controlled by hybrid FO-PID is much less than controlled system with simple FO-PID. Besides, the settling time of closed-loop system with hybrid FO-PID is decreased. Table 2 shows step response specification for controlled system by FO-PID.
Conclusion
In this work, a new hybrid method for tuning FO-PD and a class of FO-PID controllers for integer order systems with time delay has been developed. Both of these controllers have three adjustable parameters. Using the stability boundary locus, these three parameters can be set. But, as mentioned, simultaneous tuning of these three parameters due to presence of delay in the open loop system is difficult and therefore there is no guarantee that the parameters lead to optimal performance of the closed-loop system. Based on this argument, an optimization algorithm using frequency domain conditions were proposed for simultaneously tuning of the three control parameters to achieve closed-loop optimum performance.
Using simulation results, it can be seen that the controlled system step response with this hybrid method has less overshoot and settling time as well as less error indices including integral absolute error and steady state error in unit ramp (if applicable). It is also shown that the proposed method can assess the closed-loop stability of integrating time delay systems.
